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Mechanism of enhanced transcellular potassium—secretion in man with
chronic renal failure. Previous studies from our laboratory demon-
strated that net K secretion in human rectum was 2.5-fold higher in
patients with chronic renal failure than in controls. The present study
was performed to determine whether K secretion in human large
intestine involves an active process and whether an active transport
process accounts, at least in part, for the rise in net K secretion in
patients with renal insufficiency. Studies were performed under condi-
tions when net water and electrolyte transport approached zero, and the
observed distribution of K and Na across the rectal mucosa was
compared to expected equilibrium values. In control subjects an active
transport of 27.6 2.6mY was observed for K and 63 4.2 mV for Na.
Similar values were demonstrated in patients with chronic renal failure.
The results of these studies demonstrated that net secretion of K and
absorption of Na are governed, at least in part, by active transport
processes, and suggest that, since active K secretion is not impaired,
the rise in net K secretion in patients with renal insufficiency is caused
by active secretion as well as by passive driving forces.
colonic mucosa, when net water and electrolyte movement
approached zero, in subjects with normal renal function and in
patients with CRF. Since luminal [K] in control subjects was
higher than the predicted equilibrium [K], these data indicate
active K secretion in human rectum. In patients with CRF,
active K secretion was also present, and therefore was consist-
ent with the notion that increased net K secretion in experi-
mental subjects was caused, at least in part, by an active
transcellular movement of K. Since the electrochemical gradi-
ent for K was of similar magnitude in controls and subjects with
CRF, the rise in potassium secretion in patients, compared to
controls, in the non-steady state condition is presumably due to
the increase in electrical potential difference.
Methods
Selection of subjects
Previous studies have shown that intestinal excretion of K
increases in patients with chronic renal failure (CRF) and serves
to protect against severe K retention. Hayes and associates [1]
showed that approximately one—third of dietary K was excreted
via a fecal route in patients with CRF, compared to approxi-
mately 12 per cent in controls. Recent studies from our labora-
tory demonstrated that the rise in intestinal K excretion in renal
failure is caused, at least in part, from a rise in intestinal
secretion, since rectal K secretion increased from a control
value of —1.99 0.4 to —5.2 0.3 /LEq . min in the patient
group [2]. The mechanism for K transport in human large
intestine, whether it involves an active or a solely passive
process, has not been established in normal man, and has not
been previously investigated in man with CRF.
In the present study in vivo experiments were performed to
determine whether an active transport process for K is present
in human large intestine under control conditions, and whether
an active transport mechanism, or a change in such a process,
mediates the adaptive increase in K secretion in CRF. This
study was designed to examine the distribution of K across the
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Patients undergoing evaluation of functional gastro-intestinal
disorders, and where no pathology was demonstrable with
normal renal function, were invited to participate as control
subjects. Individuals with CRF on periodic hemodialysis (N =
3) and on conservative treatment (N = 3) were also evaluated.
These subjects were studied either 24 hours prior to hemodial-
ysis or during periods of apparent stability of renal function,
respectively, and while euvolemic by clinical criteria. The mean
serum creatinine in experimental subjects was 9.9 1.22 mg dl.
All subjects received routine preparation for sigmoidoscopy,
which included an enema the evening before and on the
morning of the day of the study. Informed consent was obtained
from all subjects.
Assessment of zero net water, Na and K transfer, and
electrical potential difference (PD) in rectum
Net water, Na, and K transfer, and transmucosal PD in
rectum were measured using a modification of the dialysis bag
technique introduced by Edmonds [3], as previously described
[2]. Briefly, a dialysis bag, which permitted diffusion of sub-
stances with a molecular weight less than 12,000, was attached
to three pieces of polyethylene tubing, as shown in Figure 1.
The volume of the bag was approximately 20 ml. Two pieces of
polyethylene tubing (PEG 90) were used for filling the closed
bag with solution and withdrawing samples, respectively, while
one piece of PE 360 tubing, filled with 0.15 M NaCI in 4% agar,
1377
1378 Panese et a!
PE 360
Sample removal
Fig. 1. Demonstrates construct ion of the
dialysis bag and the set—up for measuring the
potential dkfference and net ion transport
across the wall of human rectum.
was used as the exploring electrode for estimation of transmural
PD, At the time of study the empty bag was inserted into the
rectum. The position of the bag was similar in all subjects, and
the distal end of the bag was 4 cm from the rectal annulus. The
bag was filled after insertion with a modified Ringer solution,
containing polyethylenglycol (PEG 4000), 2 glliter, as a marker
for net water movement. In preliminary studies the concentra-
tions of electrolytes filling the bag were varied by trial and error
until equilibrium values were determined; that is, net movement
of water, sodium and potassium were reduced to levels that
were not significantly different from zero. Mannitol was added
as a poorly reabsorbed solute to reduce water absorption. The
composition of the final solution in m for patients with normal
renal function was: Na, 30; Cl, 30; K, 30; HCO3, 30 and
mannitol in a concentration sufficient to provide a final osmolal-
ity of 290 mOsm/kg H20. Preliminary experiments in patients
with CRF demonstrated that a longer time of exposure was
required to attain steady state conditions with this solution
when compared to controls. To avoid lengthening the duration
of the experiment in experimental subjects, ion concentrations
were slightly modified over that used in controls. Therefore, the
composition of the final solution in m was: Na, 25; Cl, 30; K,
47; HCO3, 42, and mannitol in a concentration as described
above. Samples of 2 ml were removed for analysis at the
beginning of the study and at the end of three consecutive, 20
minute periods. Transmural PD was determined as previously
described [2]. Briefly, the exploring and an indifferent electrode
placed in an anticubital vein were connected to a DC mu-
livolmeter (8022 B Digital Multimeter, John Fluke Mfg. Co.
Inc., Washington, D.C., USA) via silver chloride half—cells.
Electrical symmetry between exploring and indifferent elec-
trodes was tested in vitro before and after each experiment, and
agreed with 1 mY. A diffusion potential was created between
the steady state solutions filling the bag and the tip of the
exploring electrode, compared to interstitial fluid which was
grounded. The value of the diffusion potentials was determined,
as previously described [4], and averaged —3.6 and —4.0 mY in
control and experimental groups, respectively. The values of
PD, K1 calculated, Na1 calculated and i/zF in Table 1 have
been appropriately revised. Measurements were made at the
midpoint of each collection period, and the average value was
calculated for each subject. Polarity is expressed with the
indifferent electrode connected to ground.
Calculations
The use of a dialysis membrane to estimate net electrolyte
movement across the wall of human rectum is based on the
assumption that the intestinal segment assumes the shape of the
fluid—filled bag, and its lining epithelium is separated from the
membrane by a thin layer of fluid. Since the membrane is highly
permeable to water, electrolytes and PEG, changes in concen-
tration within the lumen of the bag should reflect changes in
mucosal fluid in the intestinal lumen. Given this assumption, net
flux, although referring primarily to ion movement between
lumen and dialysis bag, can be used to estimate net movement
of water and electrolytes across the rectal epithelium. The
calculation of net movement of water and electrolytes was
based on formulae, proposed by Edmonds [3], as previously
reported [2]. In each patient the average value of three consec-
utive collection periods was estimated. For statistical calcula-
tions therefore, N equalled the total number of subjects. The
luminal K and Na concentrations, expected from electrochem-
ical driving forces, was determined from the formula:
zi/zF = V + RT/zF 'N Cl/Co
where V is the potential difference, Cl and Co are the ionic
concentrations in the lumen and plasma, respectively, and R, T,
z and F have their usual meanings. A value of ii/zF that is
different from zero is consistent with an active transport proc-
ess.
Chemical determination and statistical methods
The concentrations of K and Na were determined by flame
photometry with an internal standard, and PEG was measured
iv. Bottle
I 0.15M NaCI
3-way
Ag/AgCI
11.0cm
Filling
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Table 1. Transepithelial PD, plasma and luminal concentrations of K and Na, and calculated electrochemical gradients
Experiment
PD
mV K
K1 obs
mEqiliter K1
A;i
zF
mV Nap
Na1 obs
mEq/liter Na1
zF
mV
Normal renal function
1 —27.3 3.8 27.1 10.6 25.2 139 35.0 386.4 64.1
2 —26.5 3.2 27.6 8.6 31.0 133 36.5 358.8 61.0
3 —15.9 3.8 27.8 6.9 37.2 143 44.5 259.4 47.1
4 —36.4 4.4 41,5 17.2 23.5 145 32.5 566.8 76.3
5
—32.4 3.8 28.3 12.8 21.2 137 40.0 461.0 65.3
6 —32.0 3.5 32.6 11.6 27.6 139 42.0 460.8 64.0
Mean SEM —28.4 3.8 30.8 11.3 27.6 139.3 38.4 415.5 63.0
Chronic renal failure
1
—49.4 4.5 44.7 28.6 11.9 146 25.0 928.7 96.5
2 —24.4 4.6 48.1 11.5 38.3 148 27.5 369.1 69.3
3
—29.2 6.1 48.0 18.2 25.9 137 24.0 409.0 82.8
4 —11.0 6.4 51.3 9.7 44.6 139 18.5 209.9 64.8
5 —40.8 4.7 50.0 21.7 22.3 134 30.0 617.7 80.8
6 —26.8 3.8 48.9 10.4 41.4 141 30.0 384.7 68.1Mean SEM —30.3 5.0 48.5 16.7 30.7 140.8 25.8 486.5 77.1
P NS <0.05 <0.05 <0.05 NS NS <0.05 NS NS
in duplicate by the method of Hyden [5]. All data are expressed
as means SEM and analyzed for statistical significance by
using Student's t-test or a linear regression model, as appropri-
ate. In order to test the difference of lowest fluxes to zero, the
following expression was used: t = /SEM. The null hypothesis
was rejected at a 0.05 level of significance.
Results
The mean values of net transfer of water, Na and K in control
and experimental subjects are shown in Table 2. These values
were not statistically different from zero, except for net K
transport in control subjects. The value of —0.3 0.1 p.Eq/min
for Jt in the latter group, however, was low compared to
previous measurements in which normal Ringer solution was
instilled into the dialysis bag (—2.0 0.4 pEq/min in controls
vs. —5.2 0.9 in CRF), as shown in Figure 2 [21, and deviated
from zero primarily because of patient 4. When patient 4 was
excluded from analysis the mean value of K movement was not
different from zero. However, since the interpretation of these
data was similar whether patient 4 was considered or not, all six
patients were used to calculate a mean value for the control
group.
Individual patient values for PD and the distribution of K and
Na under equilibrium conditions are shown in Table 2. The
transepithelial PD of —28 3 mV in controls was not different
from the value of —30 6 mY in experimental subjects under
the conditions of this study. It should be noted that under
non-steady state conditions the PD in patients with CRF of —50
16 mV was higher than in controls (—36 8 mY). In controls,
the observed luminal (K) (Obs) of 30.8 2.5 mEq/liter was
nearly threefold higher than the expected value of 11.3 1.6
mEq/liter, indicating that K distribution across the intestinal
epithelium was affected by an active transport process against
an electrochemical gradient of 27 3 mV.
Figure 3 demonstrates that the ratio of luminal to plasma [K]
exceeded the expected equilibrium values in all patients.
Table 2. Net water, sodium and potassium fluxes in human colon
Experiment
'lv
pJ/min
JN
Eq/,nin
JKlC
pEq/min
Normal renal function
1 2.0 —1.4 0.0
2 0 0 —0.1
3 7.8 0.7 —0.1
4 35.0 0.9 —0.64
5 0 0.9 —0.4
6 0 2.0 —0.48
Mean SEM 7.5 6.2 0.5 0.5 0.3 0.l'
Chronic renal failure
1 0 0 0.2
2 0 1.8 —0.4
3 30.2 —4.4 —0.07
4 0 0.4 —0.4
5 24.0 —1.6 —0.1
6 16.0 3.2 0.2
Mean sEal 11.7 6.1 —0.1 1.2 —0.1 0.1
a The value is different from zero, with a P < 0.05
Similarly, the luminal concentration of Na (38.4 1.9
mEq/liter) was significantly less than expected (415 47
mEq/liter), showing that Na distribution was also accounted for
by an active process. In controls Na was absorbed against an
electrochemical gradient of 63 4 mV.
In patients with CRF the luminal K concentration of 48.5
1.0 mEq/liter was also nearly threefold the calculated value, and
the measured electrochemical gradient for K distribution of 31
6 mV was similar to control observations. This finding
indicates that the maximum uphill transfer of K across the
intestinal wall was unaffected by the concurrence of severe
renal insufficiency. Table 2 also demonstrates that sodium
absorption occurs by an active process against an electrochem-
ical gradient of 77 S mV, a value that was similar to control.
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Fig. 2. Net movement of water and electrolytes during instillation of
Ringer solution, as reported [2], shown by clear bars, and the steady
state solutions, shown by hatched bars, in control subjects and subjects
with chronic renal failure. The symbol + indicates that the mean value
was not statistically different from zero. The symbol * indicates that a
value in the group with chronic renal failure was statistically different (P
<0.05) from the corresponding value in the control group.
Discussion
Previous studies in man have suggested that the intestinal
tract may play an important role in preserving K balance in
patients with CRF. Hayes, McLeod and Robinson [11 demon-
strated that the fractional excretion of dietary K via the
intestinal route averaged approximately 25 per cent in patients
with severe CRF, compared to 12 per cent in control subjects.
Although that study did not distinguish between a change in
intestinal secretion or absorption of K as the cause for en-
hanced excretion, a recent report from this laboratory [2]
showed that net K secretion in the rectum of renal failure
patients was two—and--one—half times higher than the control
value of —2.0 0.4 j.Eq . min. That evaluation performed in
man, agrees with the study of Bastl, Hayslett and Binder [61 in
an experimental model of CRF in the rat in which the entire
colon was examined. Since net K secretion correlated with the
transmural PD, it seemed possible that the adaptive rise in K
secretion in patients was caused by passive forces acting on K
movement through the paracellular pathway. The present study
was therefore performed to determine whether K transport in
normal human rectum involved a transcellular pathway charac-
terized by active secretion, and whether active K secretion
played a role in the rise in net secretion observed in patients
with CRF.
The present study was designed to compare the steady—state
observed [K] in luminal fluid with the theoretical concentration
that would satisfy electrochemical equilibrium across the entire
epithelium. A discrepancy between these concentrations im-
plies that some force, presumably an active process, acts on K
distribution in addition to the electrochemical diffusion. Since
net solvent and solute fluxes were reduced to near zero,
unidirectional fluxes were approximately equal, and forces such
as solvent drag and exchange diffusion were minimized. The
Nernst equation, applied under these conditions, permits cal-
culation of the "active transport potential," which expresses
the electrochemical potential disequilibrium in electrical units.
Measurement of the electrochemical gradient for K in control
human rectum in the present study demonstrated that the
observed concentration in luminal fluid was approximately
threefold greater than the predicted equilibrium value, indicat-
ing an active transport process. It seems unlikely that our result
was significantly influenced by small variations in water or
electrolyte flux (net flux was not absolutely zero) because the
calculated active transport potential of 27 mV was quite large.
This is the first demonstration of active K secretion in human
large intestine because previous attempts to examine the mode
of K transport in this tissue were not conducted under steady
state conditions [71.
Since observations reported recently from this laboratory
showed that K secretion was increased more than twofold
above control under non-steady state conditions (Fig. 2), it was
of interest to determine whether active K transport played a
role in this process. The present study demonstrated an active
transport potential of 31 mV in patients with severe renal
failure, indicating that K transfer across intestinal epithelium,
against a steep electrochemical gradient in non-steady state
conditions, was preserved. The absolute rise in net transport,
therefore, could result from an increased rate of cell entry of K,
as suggested by the observed increase in Na-K-ATPase in an
animal model of renal failure [6], a rise in apical potassium
conductance, a potential driven increase in K transfer via the
paracellular shunt, or a combination of these processes. The
present study was not designed to distinguish among these
possibilities, nor do they determine the factor(s) which induces
the epithelial effects, although the results indicate that K
movement is not solely determined by diffusion via the para-
cellular shunt.
The design of these experiments also provided information on
the characteristics of Na transport in human rectum. Since
human rectum maintains a high potential difference (lumen
negative) and can reduce luminal sodium to levels far below the
concentration in plasma [81, it has been assumed that Na
absorption involves an active transport process. The present
study confirms this assumption and demonstrates that Na
absorption occurs against a steep electrochemical gradient of 63
mV in normal subjects and 77 mV in patients. These results are
in general agreement with the report of Kliger and associates [4]
that demonstrated an active transport potential for Na in the
control rat colon of approximately 60 mV.
It is relevant to this analysis of K transport in human large
intestine that previous studies in experimental animals have
shown that this intestinal segment is an important site for
regulating K balance. Net K secretion, by an active transport
mechanism, has been demonstrated in both proximal and distal
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portions of the large intestine [4], and a mechanism for net
absorption of K has been reported in distal colon, at least in the
rat [9]. The rate and direction of net K movement is modulated
in ways that are consistent with the preservation of overall K
balance [10]. In renal failure external balance is threatened
when the glomerular filtration rate falls below approximately 30
mi/mm, since the absolute rate of urinary K excretions falls
below intake. The observations that both intestinal excretion [1]
and rectal secretion [2] of K increase in man with severe renal
failure suggest that adaptive changes in intestinal transport of K
play an important role in mitigating excessive retention of K
and hyperkalemia.
Studies in experimental animals have shown that K secretion
is increased by the action of aldosterone, acute and chronic
potassium loading [111 and secretogogues which stimulate ac-
tive Cl secretion [12], but not by luminal flow rate [13]. The
stimulus responsible for increased K secretion in the large
intestine of patients with chronic renal failure has not been
determined but may involve hyperaldosteronism. The human
rectum is a target site for the action of aldosterone [7], and
elevated plasma levels have been demonstrated in patients with
chronic renal failure [14]. The finding of an increased transmu-
ral potential difference in patients with CRF studied under
non-steady state conditions is consistent with this possibility.
The present findings, however, demonstrate that whatever the
stimulus, chronic renal insufficiency does not impair active K
secretion, demonstrable in normal subjects.
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